Alginate is a polysaccharide that, for commercial purposes, is extracted exclusively from marine brown algae. In this chapter, we discuss the main sources of alginate and sodium alginate manufacturing, its chemical structure and physicochemical properties, the alginate modifications, and blend formation. We also present applications of alginate and sericin blend in the pharmaceutical and environmental fields as well as case studies.
Introduction
"Alginate" is the term usually used for the salts of alginic acid (carboxylic salts), but it can also refer to all the derivatives of alginic acid and alginic acid itself [1] . Alginates are biopolymers that have two main sources: bacteria and seaweed (brown algae). This biomaterial is a natural polysaccharide that occurs as structural components in the cell wall of marine brown algae (Phaeophyceae) as well as capsular polysaccharides in some bacteria (Azotobacter and Pseudomonas). Commercial alginates are extracted exclusively from marine algae sources although the microbial fermentation is technically feasible for this biopolymer production [2] .
weight. On a dry weight basis, the alginate contents are 22-30% for A. nodosum, 25-44% for L. digitata, and 17-33 and 25-30%, respectively, for the fronds (leaves) and stems of L. hyperborea [14] . Table 1 . Percentages of monomers M and G (mannuronic acid and guluronic acid) and M/G ratio of some alginate extracted from brown seaweeds [14, 18, 19] .
Chemical composition and sequence of M and G units in alginate may vary widely among species and even in different parts of the algae [2] . The time of the year (season) when the algae is harvested, the location of growth, and the age of the tissue used for alginate preparation also influence the composition and sequence of the unit monomer of the polysaccharide [6, [15] [16] [17] .
The ratio M/G is an important factor because the properties of alginate solution, gels, and its produced biomaterials depend on the G and M contents. Table 1 shows the M and G contents of alginate extracted from common species of brown seaweed.
From Table 1 , it can be seen that same species can present different composition of M and G monomers depending on the local harvest (S. fluitans -Cuba and Florida) and the tissue utilized in alginate extraction (L. hyperborean -fronds and stems). The ratio M/G varies largely ranging from 0.19 to 2.26 indicating wide differences in species composition. Depending on the alginate material that must be developed, this is a critical feature in choosing the raw alginate source.
Alginates with more extreme compositions containing up to 100% mannuronate can be isolated from bacteria. Alginates with a very high content of guluronic acid can be prepared from special algal tissues such as the outer cortex of old stipes of L. hyperborea, by chemical fractionation, or by enzymatic modification in vitro using mannuronan C-5 epimerases from bacteria [5] .
Sodium alginate manufacturing
Alginates occur in brown algae in the intracellular matrix as gels containing sodium, calcium, magnesium, strontium, and barium ions, such that the counterion composition is determined by the ion-exchange equilibrium with seawater [20] . The extraction process of sodium alginate is relatively simple and can be divided into two categories: calcium alginate process and alginic acid process. At first, the key intermediate products formed are calcium alginate and alginic acid, while the second only alginic acid is formed. The calcium alginate process has the advantage of easy separation of both calcium alginate and the alginic acid that are precipitates in fibrous form. Furthermore, although the process of alginic acid has one step less as compared to the calcium alginate process, it should be noted that the overall losses of alginic acid in this process are greater than in the calcium alginate process, due to the fact that the alginic acid precipitated forms a gelatinous precipitate which is very difficult to separate [13] . ) are removed by protons exchange by adding a dilute mineral acid, such as HCl, which will result in the formation of insoluble salts of alginic acid. Treatment with formaldehyde is carried out for the removal of phenolic compounds and also to bleach the material. Then, an alkaline extraction is performed by adding Na 2 CO 3 or NaOH, yielding soluble sodium alginate and insoluble seaweed residue. Alkaline extraction is the main step as it corresponds to the extraction phase itself [21] . A separation process is employed to separate the sodium alginate solution of the extraction residue. From the sodium alginate solution, it is possible to employ the precipitation method which generates both calcium alginate and alginic acid as intermediates (calcium alginate process) or generate only alginic acid as an intermediate (alginic acid process). In calcium alginate process, CaCl 2 is added to the sodium alginate solution to form insoluble calcium alginate, which is converted into insoluble alginic acid by the addition of dilute mineral acid (e.g., HCl). Alginic acid is finally converted to sodium alginate by the addition of Na 2 CO 3 or NaOH. In the case of alginic acid process, sodium alginate solution is treated with dilute mineral acid, giving rise to the insoluble alginic acid. Alginic acid is suspended in alcohol (ethanol or methanol), and NaOH or Ca 2 CO 3 solution is added for obtaining sodium alginate [13, [20] [21] [22] [23] . 
Chemical structure
Alginates constitute a family of linear binary unbranched copolymers composed of 1,4-linked β-d-mannuronic acid (monomer M) and α-l-guluronic acid (monomer G) residues [3, 6] . These two acid residues (saccharide unit) present stereochemically differences at C-5 [5, 14] . Alginate presents a number of free hydroxyl and carboxyl groups distributed along the backbone which allow reactions and chemical functionalization [10] .
The alginate polymer accepts different conformation of M and G saccharides in its chain. The chain can be composed of homopolymeric regions of β-d-mannuronic acid residues (M-blocks: MMMMMM), homopolymeric region of β-d-mannuronic acid residues (G-blocks: GGGGGG), and heteropolymeric regions where G and M exist in alternating sequence (MG-block: MGMGMG) [24, 25] . Figure 2 presents both M and G monomers and the chain conformation of alginate. Because of differences in chemical structure of alginates, the properties of alginate can vary depending on the source of brown seaweed. The proportion and sequential arrangement of M and G (uronic acid residues) in the alginate chain, that is, the proportion of the three types of blocks, leads to differences in the physical properties of the respective alginate products [6] .
Properties of alginates depend on the relative proportion of three types of uronic blocks; for industrial utilization of any particular alginate, it is quite important to quantify the relative proportions of the uronic acids. Methods such as H NMR and C NMR (proton nuclear magnetic resonance spectroscopy) have been developed to measure the ratio M/G, as well the MM, GG, and MG/GM contents [3, 6, 26] . The ratio of mannuronic acid to guluronic acid, although the number and size of blocks are not provided, provides a practical estimate to evaluate the composition and quality of the alginate to a particular use.
Alginates extracted from different sources differ in M and G contents as well as the size of each block, and nowadays more than 200 different alginates are currently being manufactured [7] .
Alginates have no regular repeating distribution of the monomers along the polymer chain. That is why this distribution cannot be described by Bernoullian statistics, which implies that the knowledge of the monomeric composition is not sufficient to determine the sequential structure of alginates [2, 5] . It was suggested that a second-order Markov model would be required for a general approximate description of the monomer sequence in alginates [5] .
Alginate contains all four possible glycosidic linkages within the alginate molecule: diequatorial linkages connect mannuronic acid residues in M-blocks, diaxial linkages connect guluronic acid residues in G-blocks, and equatorial-axial (MG) and axial-equatorial (GM) glycosidic bonds connect both uronic residues in MG blocks [5, 24] . Due to this kind of linkages, the M-bock is a relatively straight polymer, such as a flat ribbon, while G-block presents a buckled arrangement. The conformation of linkages and chain alginate is reported in Figure 2 .
The diaxial linkage in G-blocks results in a large hindered rotation around the glycosidic linkage, which combined with the polyelectrolyte nature of the alginate molecule may account for its stiff and extended nature [2] . G-blocks are stiffer than alternating blocks, which in turn are more soluble at low pH [27] . In the uronic blocks, the rigidity decreases along the series GG > MM > MG [28] . The electrostatic repulsion between the charged groups on the polymer chain also will increase the chain extension and hence the intrinsic viscosity [5] .
Physicochemical properties

Ionic cross-linking
The most important feature of alginate properties is its ability to form hydrogels with divalent cations. The alginate chelation with multivalent cations is the basis for gel formation. Selective binding of earth metal ions increases significantly with the increase of G content in the alginate backbone chain.
Gel formation is driven by the interactions between G-blocks, which associate to form tightly held junctions in the presence of divalent cations [20] . The divalent cations, such as Ca 2+ , act as cross-links between the functional groups of alginate chain [10] , "zipping" the G-blocks in alginate chain, that is, the G-block of one polymer forms junctions with the G-block of adjacent polymer chain through interactions with the carboxylic groups in the sugars, which leads to the formation of a gel network. Because of the structural form of the G-block, the metal chelation-binding chain is called the egg-box model of cross-linking. Figure 3 shows the eggbox model for alginate gel formation.
It was believed that only G-blocks of alginate participate in intermolecular cross-linking with divalent cations to form hydrogel, but some researches indicate that MG-blocks also participate in this process [7, 29] . The participation of MG-block is less important to hydrogel formation because these blocks form weak junctions [20] . The linkage of long alternating sequences in secondary MG/GM junctions is suggested to account for the shrinking of alginate gels in view of its dependence on the length of the MG-blocks [29] . Gels prepared from alginate with a high content of G residues (high M/G ratio) exhibit higher stiffness than those with a low amount of G residues [7] . Alginate's affinity toward the different divalent ions has been shown to decrease in the following order: Pb > Cu > Cd > Ba > Sr > Ca > Co, Ni, Zn > Mn. Since the composition and block structure varies greatly in different types of alginates, it follows that both the gel and ion-binding properties of alginate are influenced by the choice of alginate material and crosslinking ion [30] . Despite the variety of cations, because of the cost and no toxicity, Ca 2+ is the most used ion to produce alginate gel.
Concerning alginate particles, the preparation method of calcium alginate particles also interferes with their physical properties, such as the porosity, volume of water, sphericity, and elasticity [31] . Methods such as atomization [32] , emulsification [31] , and dripping [33] are also employed. Calcium cross-linking of alginates can be performed by mainly two methods: diffusion method and internal setting method. In the "diffusion" method, the ions diffuse into the alginate solution from an outside reservoir. In the "internal setting" method, the ion source is located within the alginate solution and a controlled trigger (typically pH or solubility of the ion source) sets off the release of cross-linking ions into the solution. The diffusion method yields gels having a Ca 2+ ion concentration gradient across the thickness, while internal setting gives gels with uniform ion concentrations throughout [2, 20] .
The gelation rate is an important factor that affects the uniformity and strength of hydrogels. Lower rates can be achieved by temperature control (lower temperature implies slower ionic cross-linking), alginate composition (high G content implies higher stiffness), pH control, and Ca 2+ concentration of calcium solution source.
Calcium chloride (CaCl 2 ) is one of the most frequently used agents to ionically cross-linking alginate. However, it typically leads to rapid and poorly controlled gelation due to its high solubility in aqueous solutions [7] . The fast gelation rate with CaCl 2 results in varying crosslinking densities and a polymer concentration gradient within the gel bead. By contrast, the use of CaCO 3 and CaSO 4 , at internal setting method, which has very low solubility in pure water, allows its uniform distribution in alginate solution before gelation occurs [34] .
The ionic gelation process (by diffusion method) to produce alginate beads usually is performed by dripping a sodium alginate solution into a CaCl 2 bath. This process has been used in both drug delivery and cell encapsulation [34] , and to produce adsorbent beads from a blend of sericin-protein/alginate [33, 35] . Figure 4 shows the schematic process for producing alginate beads. 
Covalent cross-linking
Alginate hydrogels have been attractive for a variety of biomedical applications, but they possess limited mechanical properties when ionically cross-linked with divalent cations [36] . Covalent cross-linking is applied in order to improve physical properties of alginate gels compared with those ionically cross-linked ones [37] . This kind of cross-linking is typically formed by the reaction between carboxylic groups in alginate chains and a cross-linking molecule possessing primary diamines [38] . The use of cross-linking reagents must be carefully investigated because many of them can be toxic and unreacted cross-linkers need to be thoroughly removed from gels [37] .
The stress-relaxation behavior of hydrogels is strongly affected by how the polymers are crosslinked. In gels with ionic cross-links, stress relaxes mainly through breaking and subsequent reforming of the ionic cross-links, while in gels with covalent cross-links, stress relaxes mainly through migration of water [38] . The ionic cross-linking stresses lead to plastic deformation of the alginate gel, while the covalent cross-linking leads to a stress relaxation allowing a significant elastic deformation [7] .
Covalent cross-linking of alginate with poly(ethylene glycol) (PEG)-diamines of various molecular weights (MWs) generates hydrogels with a range of mechanical properties. Hydrogels with a range of elastic moduli could be generated by controlling either the chain length of the cross-linking molecule or the cross-linking density. The elastic modulus increased gradually with an increase in cross-linking density or weight fraction of PEG in the hydrogel [36] .
The introduction of hydrophilic cross-linking molecules as second macromolecules (such as PEG) compensates for the loss of hydrophilic groups in the alginate backbone [37] .
Maiti and Sa [39] used ionotropic gelation method for the preparation of ibuprofen-loaded calcium alginate (CALG) and ethylenediamine (EDA)-treated calcium alginate (EDA-CALG) microspheres to investigate drug delivery and the retard of the drug release to some extent. The reduction in drug entrapment efficiency by a maximum of 44.60% for EDA-CALG microspheres compared to untreated CALG microspheres was observed. EDA-CALG microspheres released almost all of its contents within 7 h in pH 6.8 phosphate buffer; however, CALG microspheres were found to release the same within 3 h.
Alginic acid gels
Alginates may also gel following a third and ion-independent way in that they form acid gels at pH values below the pKa values of the uronic residues [2, 40] . When the pH of alginate solutions is lowered below the pKa of the uronic acids in a highly controlled fashion, acid gels are formed. Such gels, often called "acid gels," are stabilized by an intermolecular hydrogenbonding network [20] . With the exception of some pharmaceutical uses, the number of applications of acid gels is rather limited to date [2] . Two methods are generally used to make acid gels: In the first method, a slowly hydrolyzing lactone such as glucono delta-lactone (GDL) is added to a solution of Na-alginate, and in the second method, preformed Ca-alginate gels are converted to acid gels by proton exchange [40] .
Physical properties
Molecular weight (MW)
Alginates, like polysaccharides in general, are polydisperse with respect to MW. In this aspect, they resemble synthetic polymers rather than other biopolymers such as proteins and nucleic acids. Because of this polydispersity, the MW of an alginate is an average over the whole distribution of MW [5] .
The MW distribution can have implications for the uses of alginates, as low-molecular-weight fragments containing only short G-blocks may not take part in gel-network formation and consequently do not contribute to the gel strength. Furthermore, in some high-tech applications, the leakage of mannuronate-rich fragments from alginate gels may cause problems, and a narrow molecular-weight distribution therefore is recommended [5] .
The MW of commercially available sodium alginates ranges between 32,000 and 400,000 g/mol [7] . Usually, a higher MW would result in a higher level of interchain bonding and a greater mechanical gel strength and viscosity [14] .
The use of alginate with high MW can improve the physical properties of its gels. However, an alginate solution formed from high-MW polymer becomes greatly viscous, which is often undesirable in processing [7, 41] .
For the successful use of hydrogels as cell immobilization/delivery vehicles, a key property that must be satisfied is the maintenance of the viability of the cells through the gel-preparation process. The high viscosity may not be desirable in terms of maintaining cell viability during the pre-gel/cell-mixing process, as a high-solution viscosity would lead to cells being exposed to high shear forces during the mixing. Cell membranes are highly labile to shear forces, and the mixing can lead to damage or cell death [42] .
Manipulation of the MW and its distribution can independently control the pre-gel solution viscosity and postgelling stiffness. The elastic modulus of gels can be increased significantly, while the viscosity of the solution minimally raises, by using a combination of high-and low-MW alginate polymers [7, 8] .
Viscosity
Alginates can be prepared with a wide range of molecular weights (50-100,000 kDa), and aqueous solutions of alginates have non-Newtonian characteristics, that is, the viscosity decreases with increasing shear rate (shear thinning). The viscosity of an alginate solution depends on the concentration of the polymer, the MW distribution [27] , pH, and G-and Mresidues content of alginate.
The viscosity of the alginate solution increases as the molecular weight increases making it difficult to dissolve a high concentration of alginate in a given amount of water. Alginate manufacturers can control the MW (or the degree of polymerization, DP) by varying the severity of the extraction conditions to produce products with viscosities in a 1% solution ranging from 10 to 1000 mPa, with a DP range of 100-1000 units [14] .
The viscosity of the alginate solution increases sharply as the concentration increases. However, high-solution viscosities make it difficult to remove bubbles in the solution brought in during the mixing process. For practical purposes, aqueous solutions of alginate have a maximum content of 5-6% of sodium alginate. The temperature of solution also interferes in the viscosity solution. The viscosity decreases as temperature increases (at a rate of 2.5% per degree Celsius). Since viscosity drops sharply on heating, it is useful to heat a solution during the dissolution process. Also, the heating is beneficial since the reduced viscosity helps the bubbles to rise from the solution. However, if alginate solutions are maintained above 50°C for several hours, depolymerization may occur, giving a permanent loss of viscosity and MW [14] .
The viscosity of alginate solutions is unaffected over the range pH = 5-11. Below pH = 5, the free -COO -ions in the chain start to become protonated, to -COOH, and as the electrostatic repulsion between chains is reduced, they are able to come closer and form hydrogen bonds, producing higher viscosities. When the pH is further reduced, a gel will form, usually between pH = 3 and 4. Above pH = 11, slow depolymerization occurs on the storage of alginate solutions, giving a fall in the viscosity [14] .
Alginate modification
One of the most effective ways to design high-performance biomaterials is by chemically reacting the functional groups available on the alginate backbone [43] . Alginate has the ease of chemical functionalization due to the presence of free hydroxyl and carboxyl groups distributed along the backbone. By forming alginate derivatives through functionalizing available hydroxyl and carboxyl groups, the properties such as solubility, hydrophobicity, and physicochemical and biological characteristics may be modified. Techniques such as oxidation, sulfation, esterification, and amidation can be employed to perform chemical modification of alginate [10] . These chemical modifications allow tailored physical and chemical properties in the modified alginate.
Oxidation
Alginates may form physical gels under specific conditions, and their functional groups (-OH and -COOH) also allow different chemical and physical modifications. The oxidation on its groups can be performed and the features of new material present important responses. The oxidized alginate presents more reactive groups implying on the modification on its properties, such as a faster degradation, which is important when these ones are used in support for drugcontrolled delivery, for instance [44] .
Although alginate is an attractive material due to its biocompatibility and ability to form hydrogels, its slow and uncontrollable degradation can be an undesirable feature [45, 46] . Ionically cross-linked alginate hydrogels exhibit a remarkably slow degradation rate, which is typically months to years for their complete removal from injection sites. The alginate oxidation can accelerate the degradation rate improving its property for medical purposes [47] .
Oxidized alginates present more reactive groups and a faster degradation when these ones are used in supports for drug-controlled delivery, for example [44] .
The periodate oxidation has been used for alginate oxidation and extensively reviewed in literature. Periodate-oxidized alginates are highly susceptible to biodegradation, and therefore oxidized alginates have the potential to be used in a number of biomedical applications wherein biocompatibility and biodegradability are important criteria. Oxidized alginates could also function as potential nontoxic and biodegradable cross-linking agents for proteins in the preparation of hydrogels [48] .
When alginate is oxidized by reacting with sodium periodate, the carbon-carbon bonds of the cis-diol groups in the uronate residues are cleaved and changed to dialdehyde groups. Varying the oxidation degree, the degradation rate can be controlled increasing the vulnerability of alginate hydrogels to hydrolysis [47] . The oxidation reaction with sodium periodate on -OH groups at C-2 and C-3 positions of the uronic units of sodium alginate is presented in Figure 5 . The periodate oxidation reactions on -OH groups of the uronic units of alginate leads in a rupture of carbon-carbon bond, to the formation of two aldehyde groups in each oxidized monomeric unit. Therefore, larger rotational freedom and new reactive groups along the backbone are obtained [10] .
Gomez et al. [44] conducting a study about the characterization of the oxidized derivatives of sodium alginate (alginate oxidation by sodium periodate) found that the molar mass decreases rapidly until an oxidation of 10 mol% and then remains nearly constant. In addition, the polymers with a degree of oxidation higher than 10 mol% were no more able to form gels with calcium ions. A decrease in the cooperative interactions between calcium ions and carboxylate groups was observed due to the decrease in molar mass and the number of unreacted G units.
Sulfation
Sulfation of polysaccharides, both enzymatically in nature and by chemical methods, is known to provide blood compatibility and anticoagulant activity [20] . When alginate is sulfated, it will show high blood compatibility because of the structural similarity to that of heparin, which has been widely used for anticoagulant therapy [10] . Figure 6 presents the sulfation of sodium alginate using chlorosulfonic acid in formamide.
After sulfated modification, the sodium alginate would contain sulfate and carboxyl groups, as the nearest structural analogs of the natural blood anticoagulant heparin [49] . Heparin from animal sources had the potential to induce disease-affecting mammals, such as the avian influenza virus and bovine spongiform encephalopathy [50] . These reasons strongly motivated the necessity to find new anticoagulants and antithrombotics to replace heparin [49] .
Ronghua et al. [51] reported the sulfation of sodium alginate using chlorosulfonic acid in formamide. The in vitro coagulation assay of human plasma containing the sulfates indicated that alginate sulfates had considerably high anticoagulant activity especially to the intrinsic coagulation pathway. 
Esterification
Esterification involves the reaction of -COOH groups with -OH groups producing an ester as final product. As shown in Figure 7 , alginate can be modified by direct esterification with several alcohols in the presence of catalyst and the alcohol is present in excess to ensure that the equilibrium is in favor of product formation. This method was successfully used by researchers to modify native alginate, increasing its hydrophobic nature by the addition of alkyl groups to the backbone of the native alginate [10] . The only synthetic derivative of alginic acid to find wide use, and acceptance as a food additive, is propylene glycol alginate. This is formed by reacting propylene oxide with moist alginic acid. Esterification occurs at the carboxylic acid groups on the alginate chain, mainly with the primary hydroxyl group of propylene glycol. Depending on the reaction conditions, such as reaction temperature and ratios of propylene oxide to alginic acid, varying degrees of esterification can be achieved. A product with about 60-70% esterification is satisfactory for most purposes but up to about 90% esterification can be achieved and this type of product (80-90%) is useful in very acidic, short-term applications [13] .
Ugi reaction
Pure alginate has its inherent drawbacks, such as rigid backbone, poor mechanical strength, uncontrolled degradation, and extensive water uptake properties, which restricts its practical applications. As a result of available hydroxyl and carboxyl groups, chemical modification of alginate could be achieved mostly at the two secondary hydroxyl positions (C-2 and C-3) or the one carboxyl (C-6) position via the acetylation, phosphorylation, sulfation oxidation, esterification, amidation, and Ugi reaction [52] .
The Ugi reaction is an important reaction used in combinatorial chemistry, and it is a multicomponent reaction in organic chemistry involving a ketone or an aldehyde, an amine, an isocyanide, and a carboxylic acid to form a bisamide [10, 53] . Among the chemical modification methods, the Ugi four-component condensation reaction is the most effective and unique that could endow alginate with specific property without the aid of the catalyst [52] . The Ugi multicomponent reactions lead a hydrophobic behavior to the modified alginate [10] . Amphiphilic alginate derivative modified by introducing the hydrophobic groups onto its hydrophilic backbone could enhance its affinity for the hydrophobic drug, thus making it an attractive candidate for drug delivery [52] .
The Ugi reaction procedure involves the preparation of aqueous alginate solution followed by acidification (HCl, pH 3.6) to allow the Ugi reaction. The n-octylamine groups are added with respect of molar amount of carbohydrate monomers. Formaldehyde, n-octylamine, and cyclohexyl isocyanide are added to the solution successively. After the addition, the solution is stirred for 24 h. Unreacted monomers and other low-molecular weight impurities are removed from solution by dialysis, and thereafter the solution is freeze-dried. Figure 8 presents the Ugi four-component reaction.
Blend formation
Alginates are established among the most versatile biopolymers, used in a wide range of applications [54] . It can be easily modified in any form, such as hydrogels, microspheres, microcapsules, sponges, foams, and fiber [55] , and can cross-link, copolymerize, and blend with other polymers due its polar side chain made of hydroxyl and carboxyl groups [33, 56] .
The possibility of alginate modifications (including blending) can increase the applications of alginate in various fields such as tissue engineering, drug delivery [57] , environmental [33] , and others. The combination of favorable properties of each constituent polymer results in a new hybrid system with the properties that are often significantly improved or substantially different from those of the individual polymers [58] . Alginate beads can be prepared easily through simple and economic procedures; these beads suffer from low drug encapsulation and poor mechanical property in the intestinal pH, which lead to rapid drug release [59] . Therefore, modified alginate beads using sodium alginate and natural polysaccharide blends have been investigated to improve drug encapsulation, swelling, mucoadhesion, drug release, and others. Okra (Hibiscus esculentus) is an annual plant cultivated throughout the tropical and subtropical areas of the world, and it is chemically inert, nonirritant, biodegradable, and biocompatible. Okra gum is already investigated as useful excipients in the development of pharmaceutical formulations, and its highly viscous property leads to the usefulness of it as a drug-release-retarding polymer [60] . Sinha et al. [60] developed controlled drug release Zn 2+ -ion-induced alginate-okra gum blend beads by ionic-gelation-cross-linking method using zinc sulfate (ZnSO 4 ) as a cross-linker in an aqueous environment. These beads exhibited sustained in vitro drug release over a prolonged period of 8 h and followed controlled-release pattern. The swelling and degradation of the optimized beads was influenced by the pH of test media, which might be suitable for intestinal drug delivery.
Alginate application in wastewater treatment is limited due its tendency to swell in water and other mechanical weakness. In this way, alginate can be blended with other polymers to overcome the drawbacks of alginate and to combine the good characteristics of both polymers [61] . Chitosan is a polysaccharide biopolymer derived from chitin [62] . It is well established as an excellent natural adsorbent due to the presence of the amino (-NH 2 ) and hydroxyl (-OH) groups, and has also other useful features such as being polycationic, nontoxic, biodegradable, and antibacterial properties. However, due to its weak mechanical property, chemical and physical modifications are carried out on chitosan [61] . Alginate can be easily blended with chitosan by the strong electrostatic interaction between the amino groups of chitosan and the carboxyl groups of alginate [63] . Dubey et al. [64] developed chitosan-alginate nanoparticles using microemulsion method for the removal of Hg (II) ions from aqueous solution. The results obtained in this study proved that the prepared biopolymer nanomaterial could be an effective and economically viable adsorbent for the removal of Hg (II) ions. Moreover, the nanoparticles can be regenerated and reused subsequently for the metal removal.
Sericin is a water-soluble globular protein that is easily soluble in hot or boiling water and is extracted from the silkworm Bombyx mori cocoons [65] . Most of the sericin is removed during the silk processing and it is usually discarded in the wastewater [66] . This fact leads to environmental contamination due to the high oxygen demand for its degradation by microbes. Therefore, finding viable means to recover sericin would bring environmental and economic benefits [67] . Sericin isolated presents weak structural properties, but the presence of polar side chain made of hydroxyl, carboxyl, and amino groups in this protein enables easy crosslinking, copolymerization, and blending with other polymers to obtain biodegradable products with better properties [33, 56] . The use of blends provides an improvement in the physical characteristics of the materials produced with the protein, and the use of alginate has an advantage because it has the affinity for a variety of cations [33] . Polymers such as silk sericin and alginate can undergo a sol-gel transition by thermal cross-linking (by heating) [68] , photocross-linking, and with pH variation, depending on β-sheet content in case of sericin [69] .
Other applications of the alginate and sericin blend will be discussed in the following topics.
Applications of alginate and sericin blend in the pharmaceutical and environmental fields
In the work of Khandai et al. [70] , sericin was evaluated as release retardant along with sodium alginate in aceclofenac-sustained release mucoadhesive microsphere formulation. Microparticulate drug delivery of aceclofenac was prepared by gelation technique using a blend of sodium alginate and sericin as release retardant. All the formulations developed showed diffusion type of release mechanism in a sustained manner. Thus, the aceclofenac microsphere helped to increase the patient compliance, decrease the dosing frequency, and also prevent gastric hemorrhage which is commonly found to be associated with conventional dosage form.
Khampieng et al. [71] assessed the anti-inflammatory efficacy and preparation of silk sericinloaded alginate nanoparticles that were prepared by the emulsification method followed by internal cross-linking. This study confirms the hypothesis that the topical application of silk sericin-loaded alginate nanoparticle gel can inhibit inflammation induced by carrageenan.
Sericin-alginate microbeads were developed by Nayak et al. [72] via ionotropic gelation under high voltage, and the beads were coated with chitosan and cross-linked with genipin, for the purpose of encapsulating hepatocytes for advanced cellular functions. This study suggests that the developed sericin-alginate-chitosan microcapsule contributes toward the development of cell encapsulation model. It also offers to generate enriched population of metabolically and functionally active cells for the future therapeutics especially for hepatocytes transplantation in acute liver failure.
Silva et al. [33] studied the adsorption of copper and zinc by particles produced from silk sericin and alginate blend. The results obtained suggest the potential use of sericin-alginate particles, cross-linked by ionic gelation and by heat, to adsorption processes of toxic metals, zinc and copper.
10. Case study 10.1. Case study 1: incorporation and release of diclofenac sodium in sericin and alginate blend
Drug incorporation and preparation of particles
In this study, sericin was extracted from silkworm cocoons (B. mori), and the concentration of the sericin solution (SS) extracted was adjusted to 2.5% (w/v). In order to prepare the sericin/ alginate blend, the sodium alginate was added to the sericin solution and the mixture was stirred at 4000 rpm. The drug incorporation was performed by adding diclofenac sodium (DS) to the sericin/alginate blend and dispersed with an Ultraturrax ® (T18, IKA, USA) at 8000 rpm until homogeneity was obtained. The ionic gelation method was used to prepared particles with different compositions [73] . For this, a mixture of sericin, alginate, and DS was added dropwise to a calcium chloride solution (3% w/v) and stirred continuously. After dripping, the particles were stirred at 100 rpm for 30 min, and then washed with deionized water and dried at room temperature.
Determination of incorporation efficiency
In order to determine the incorporation efficiency, accurately weighed 0.1 g of dried particles was added to 500 mL of phosphate buffer (pH 6.8), and kept overnight. Hence, the suspension was subjected to agitation for 15 min in a sonicator (1510RMTH, Branson, USA) and filtered through a 0.45-μm filter. The DS content in the filtrate was determined by spectrophotometer (UVmini1240, Shimadzu, Japan) at 276 nm. All determinations were carried out in triplicate. The incorporation efficiency was calculated by practical DS content Incorporation 100 theoretical DS content =´
(1) Table 2 . Effect of blend composition in the DS incorporation efficiency [73] .
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The surface morphology of the sericin/alginate/DS particles (F1, F2, and F3) and alginate/DS particles (F4) was visualized by scanning electron microscopy (SEM) with the magnification of 150× and is presented in Figure 9 . By analyzing the F1 micrograph, it was found that it has no clear-cut boundaries and has poorly defined shape, which does not favor the reproducibility of these particles. Spherical particles with a rough and rugged surface were observed in F2 and F3 micrographs. F4 micrographs indicated oval particles and a very rough and rugged surface too. Thus, it was evident from the SEM micrographs that balanced concentrations of sericin and alginate, as in F2 and F3, favor the sphericity of the particles. Besides, it is verified that roughness increased by increasing alginate proportion in the blend. It can be inferred that the F4 particles (alginate/DS) possibly release the drug in its dissolution medium (gastric or enteric) more rapidly when compared to particles containing sericin in its composition, since the surface has greater roughness and therefore its contact surface is higher. Consequently, particles containing sericin can contribute to the sustained release of the DS present in the matrix and maybe reduce the drug side effects. Table 2 ).
In vitro drug release study
According to the methodology recommended by the US Pharmacopeia, the in vitro release of DS was tested using a dissolution apparatus. The dissolution was measured at 37 ± 1°C under 50 rpm speed. Accurately weighed quantities of sericin/alginate/DS particles equivalent to 50 mg DS were added to 900 mL of dissolution medium. The test was carried out in 0.1 M HCL (pH 1.2) for 2 h, and then continued in phosphate buffer (pH 6.8) for the next 10 h. Aliquots of 5 mL were collected at regular time intervals, and the same amounts of fresh dissolution medium were replaced into a dissolution vessel. The collected aliquots were filtered, and suitably diluted to determine the absorbance using an ultraviolet-visible infrared spectroscopy (UV-VIS) spectrophotometer at 276 nm. Table 3 shows the percentage of DS released after 2 h of the dissolution test in acid medium, for F2, F3, and F4. Whereas F1 is nonreproductive, dissolution tests were not conducted for this formulation.
It was found that all formulations were resistant to the gastric medium. Among all studied formulations, F4 presented the lowest drug release in gastric medium. Because F4 has only alginate and DS in its formulation, the low drug release observed in other formulations can be attributed to the presence of this polysaccharide in all composition. Table 3 . Diclofenac sodium release in acid medium, pH 1.2. Figure 10 shows the diclofenac sodium dissolution profiles for F2, F3, and F4. It can be seen that the presence of sericin in the formulations causes a prolonged drug release compared to the formulation without sericin (F4), which releases all incorporated drug at 45 min. Formulations containing sericin in the composition (F2 and F3) showed the total drug release between 240 and 300 min of dissolution in simulating enteric medium (phosphate buffer, pH 6.8). 
Case study 2: metallic affinity of toxic and noble metals by particles produced from blends of sericin, alginate and poly(ethylene glycol) diglycidyl
In this study, particles were produced from sericin-alginate blend, by diffusion method, and the evaluation of metallic affinity toward toxic and noble metals by particles was performed. Also, the influence of the presence of the poly(ethylene glycol) diglycidyl ether, as cross-linking agent, in the blend was investigated. The particles were produced dripping the blends in aqueous and alcoholic (ethanol) solutions of CaCl 2 and Ca(NO 3 ) 2 , providing different sources of divalent ion, and then the particles were dried first at 40°C (24 h ) and then at 100°C (24 h ), and silver (Ag + ) were investigated in this work [74] .
Particles preparation
The sericin was obtained by autoclave extraction (40 min, 1 kgf/cm 2 ) from silkworm cocoons. All cocoons were cleaned, washed (in deionized water), and cut into pieces about 1 cm 2 before the extraction procedure (the ratio of cocoons and ultrapure water was 40 g of cocoons to 1000 mL of water). The extracted sericin solution, still hot, was filtered to remove the fibers of fibroin and stored in a sealed bottle at room temperature for 12 h [35, 74] . After this period, the SS solution was frozen for, at least, 24 h in a conventional refrigerator (-4°C) and then it was thawed at room temperature. This procedure was performed in order to separate the sericin from diluted solution. The freezing procedure promotes the precipitation of sericin, which can be recovered by filtration. The sericin was heated in autoclave (120°C for 10 min) to solubilize again the protein and then the concentration was adjusted by dilution to 25 g/L. The sodium alginate (Sigma-Aldrich brand) was added in adjusted SS in a concentration of 20 g/L. The blend was mixed at 5000 rpm (Ultraturrax ® T18-USA) until it was homogeneous. In the particle formulations containing PEG, the cross-linking agent was added in the blend in a concentration of 5 g/L, being mechanically agitated for 30 min. The particles were prepared by ionic gelation technique (diffusion method) where the blend was dripped with a peristaltic pump in alcoholic (ethanol) and aqueous solutions of CaCl 2 (3% m/V) and Ca(NO 3 ) 2. 4H 2 O (6.4% m/V) (same concentration of Ca 2+ in both solutions). The particles were agitated in Jar test for 12 h in Ca 2+ solution. The produced particles were rinsed in deionized water and dried at a continuous flow oven at 40°C, and then submitted to thermal cross-linked at 100°C for 24 h [33] . Table 4 presents the blend formulation and the respective calcium solution used to produce particles. ), platinum, gold, and silver (Ag + ) were prepared and for the respective affinity tests 0.5 g of each particle formulated was immersed in 50 mL of each metal solution. The particles were maintained in contact with metal solutions under agitation (200 rpm) for 24 h at 25°C. The metal concentrations, before and after adsorption process, were measured at atomic absorption spectroscopy (AAS -7000A -Shimadzu) according to equipment instructions. In general, the particles containing PEG in its formulation (i.e., particles 5-8), exhibit a slightly higher range of %R. For example, copper is removed within the observed range (65.0-73.9%) when particles without PEG were used and comparatively within the range (72.9-74.9%) for the particles with PEG. PEG possesses as amphipathic behavior, and the introduction of this cross-linking agent develop modifications in particle structure. Thus, the modifications promoted by PEG in the structure of the particles seem to improve the capacity of the adsorbent.
Metal affinity tests of single components
Adsorption results
From
Considerations
Sericin consists of 17-18 kinds of amino acids with large amount of polar side chains made of hydroxyl, carboxyl, and amino groups. Alginate presents the polar groups hydroxyl and carboxyl along the chain backbone. The presence of these kinds of groups enables this polymer to ionic and covalent cross-linking, allowing interactions and linkages between the proteins and polysaccharide chains, and also allows interactions with pollutants (such as toxic metal) and pharmaceutical.
Despite the interesting properties that sericin and alginate present, there are few works dedicated to study biomaterials that use the blend of both polymers as raw material.
Concerning pharmaceutical field, the development of a new pharmaceutical form of diclofenac sodium-modified release based on alginate-sericin blends is intended to solve current problems related to its therapeutic administration. These problems are related to the development of gastric irritations and decrease of therapeutic effects by partial degradation in acid medium that occurs in the usual forms.
As a bioadsorbent material, or a matrix to drug incorporation or to improve the therapeutic effects of some pharmaceuticals, there are many potential uses for the sericin-alginate blend.
